As microemulsões, quando usadas como fase móvel, representam uma ferramenta cromatográfica poderosa devido à sua estrutura polifásica. O objetivo deste estudo foi investigar a influência da composição da fase móvel e as propriedades das gotículas resultantes da microemulsão, bem como a lipofilicidade da fase estacionária no comportamento cromatográfico de pramipexol e suas cinco impurezas. A investigação foi realizada de acordo com o plano experimental definido pelo planejamento fatorial completo 2 4 com quatro repetições do ponto central. Embora o mais afetado pelas características da coluna tenha sido o último eluente, a substância mais lipofílica, a composição e as características das gotículas de microemulsão foram igualmente importantes, de modo que o sistema de partição gotículas de microemulsão/fase estacionária provou ser o mais significativo. A lipofilicidade da fase estacionária não afetou o componente mais hidrofílico e somente o sistema de partição gotículas de microemulsão/volume do eluente causou impacto em seu comportamento. Para a separação do par crítico, foram notados efeitos quase iguais dos sistemas de partição gotículas de microemulsão/fase estacionária e volume do eluente/fase estacionária.
Introduction

Microemulsions as eluents in liquid chromatography
Intense development of chromatography in last decades caused emerging of versatile approaches in order to address different separation challenges. Microemulsions, when used as mobile phase, represent a very powerful tool due to their polyphasic structure. Comparing to the classical RP-HPLC (reversed phase-high performance liquid chromatography), the usage of microemulsion eluents provides an additional partition system between the microemulsion droplets and the bulk of the mobile phase, and thus, offers the additional capability to separate the mixture of components. For instance, in case of the oil-in-water microemulsion, the substances insoluble in water will distribute and solubilize in the hydrophobic droplet core, while the hydrophilic substances will remain in the continuous aqueous phase. This characteristic of the microemulsion eluent enables an isocratic separation of the compounds with prominently different polarity and represents an advantage in comparison to the other LC modes which require a gradient for the successful chromatography of such a complex mixtures. However, hydrophobic organic solvents that represent the internal phase of microemulsion eluent, as well as the molecules of surfactant, may bind to the stationary phase and therefore induce the significant changes of its characteristics. 1 That is why the prediction of retention behavior may be more complicated.
As already mentioned, these advantages of the microemulsions are based on their structure and therefore, it is very important to select the proper eluent constituents in order to achieve a satisfactory separation. Microemulsions are clear, optically isotropic nano-sized dispersions of two immiscible liquids, water and oil (e.g. hydrocarbons or esters), stabilized by the addition of ionic or/and nonionic surfactant in order to achieve an organized and thermodynamically stable system. By varying the chemical composition and percentage of aqueous and oil phase, by choosing the appropriate surfactant and varying the temperature, different microemulsion systems may be formed. 2 However, for the chromatographic application only oil droplets in water (o/w) and water droplets in oil (w/o) systems can be used. For the formation of stable microemulsions, the surfactants with just one carbon tail usually cannot decrease enough the surface tension between the water and oil, so the addition of the co-surfactant such as a medium chain length alcohol is required. 3 The effect of the co-surfactant is presented by its ability to "pack" between the surfactant molecules around droplets, and thus, to reduce the intermolecular repulsions among them which lowers the system's surface tension to nearly zero. 4 Also, the aqueous continuous phase of the microemulsion may contain additives in order to provide the optimal separation conditions. For example, buffers or acids could be added to control the pH, and ion pair reagents or organic modifiers to alter the required separation conditions. 4 
Definition of the investigation objective
The aim of this study was to systematically investigate the influence of the mobile phase composition and stationary phase lipophilicity on the partition behavior on the example of pharmaceutically active substance pramipexole ((S)-2-amino-4,5,6,7-tetrahydro-6-(propylamino) benzothiazole) and its five impurities (BI-II 751 xx -impurity 1, BI-II 820 BS -impurity 2, BI-II 546 CL -impurity 3, 2-aminobenzothiazole -impurity 4 and BI-II 786 BS -impurity 5) (Figure 1 ). These substances were selected based on the fact that the impurities originate from the processes of synthesis or degradation occurred through different reaction mechanisms such as oxidation, epimerization, aromatization and dimerization. Since the resulting products have similar structures, the description of their partition behavior is particularly intriguing and offers an understanding of the new possibilities for the application of this method in pharmaceutical industry and routine quality control analysis.
Some papers regarding microemulsion liquid chromatography (MELC) may be found in the literature. The evaluation of the operating parameters in order to assess its capabilities in pharmaceutical analysis was performed. [4] [5] [6] [7] [8] [9] [10] Also, the potential of MELC is proved by its expansion to the optimization of microemulsion mobile phase composition in order to model the drug penetration across blood-brain barrier.
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Apropos the selected substances, they were previously investigated by the same authors employing RP-HPLC in order to determine their pKa values, as well as for the method optimization and robustness testing. [12] [13] [14] Further, for the separation of pramipexole and its enantiomer a normal-phase HPLC was used, 15 and also, the analysis of pramipexole in biological samples was performed. 16, 17 However, the partition behavior of solutes in MELC system was never previously investigated in depth. As MELC provides three simultaneous partition systems -first system comprising microemulsion droplets/bulk of the eluent; second, microemulsion droplets/stationary phase and third, bulk of the eluent/stationary phase -the analytes retentions are affected by many factors and this is the first time that this kind of study is conducted. 
Experimental
Chemicals
All reagents used were of the analytical grade. Sodium dodecyl sulphate -SDS (Fluka, Sigma-Aldrich, Steinheim, Germany), Brij ® 35 (Sigma-Aldrich, Steinheim, Germany), butyl acetate (Sigma-Aldrich, Steinheim, Germany), n-butanol (Sigma-Aldrich, Steinheim, Germany), triethylamine -TEA (Acros Organics, Geel, Belgium), ortho-phosphoric acid (J. T. Baker, Deventer, Holland) and water (HPLC grade) obtained from Simplicity 185 (Millipore, Billerica, MA) were used to prepare the mobile phase. Working standards of pramipexole and analyzed impurities were kindly donated by Boehringer Ingelheim Pharma (Ingelheim am Rhein, Germany).
Chromatographic conditions
The chromatographic system Waters Breeze consisted of Waters 1525 Binary HPLC Pump, Waters 2487 UV-Vis detector and Breeze Software, Windows XP, for data collection were used. Separations were performed on Hypersil GOLD C 4 , C 8 and C 18 4.6 mm × 150 mm, 5 mm particle size columns with UV detection at 262 nm for pramipexole, impurities 1, 2, 4 and 5, and at 326 nm for impurity 3. The flow rate was 1 mL min -1 . Mobile phases were prepared according to the experimental plan defined by full factorial design 2 4 with four replications in central point obtained using the Design Expert 7.0 software ( Table 1) . Varied factors and their levels are shown in Table 2 . Mobile phases were prepared by mixing all components of the microemulsion and treating them on an ultrasonic bath for 30 min. Eventually, the pH value was adjusted to 7.00 with ortho-phosphoric acid. The resulting transparent microemulsion was filtered through the 0.45 μm membrane filter (Alltech, Loceren, Belgium). The samples were introduced through the Rheodyne injector valve with the 20 μL sample loop.
Standard solution mixture
Stock solutions were prepared by dissolving the respective amount of the working standards in the central point mobile phase (Table 1 and Table 2 ) to obtain the concentrations of 1 mg mL −1 for pramipexole and 100 μg mL −1 for the impurities. A working standard solution mixture containing 40 μg mL −1 pramipexole and 0.2 μg mL −1 of each impurity was prepared in the central point mobile phase from the stock solutions.
Results and Discussion
Selection of the eluent constituents
As already mentioned in the Introduction, MELC provides three simultaneous partition systems and the analytes retentions can be affected by many factors. In such a complex system, the adequate correlation between analytes partition behavior and its appropriate interpretation could be established only if the eluent constituents are properly selected. Therefore, the preliminary experiments were performed in order to choose the suitable components for the microemulsion (internal oil phase, surfactant, co-surfactant and bulk of the mobile phase composition) and to determine the experimental domain for the experimental design. At this stage, the experiments were carried out by changing one factor at the time, i.e., one factor was changing while all the others were kept unmodified. Organic solvents of different polarity (butyl acetate, ethyl acetate, diisopropyl ether, n-hexane and n-octanol) were investigated as an internal organic phase for the microemulsion droplets. Even though the inner phase did not show a strong impact on the retention behavior, it seemed that butyl acetate provided slightly better separation and peaks appearance.
On the other hand, the choice of the co-surfactant appeared to be much more important. Medium chain length alcohols n-propanol, n-butanol and n-pentanol were tested. It was not possible to form a thermodynamically stable microemulsion using n-pentanol as the co-surfactant. Mobile phases containing n-propanol or n-butanol resolved analyzed substances, but n-butanol provided significantly shorter total run time and a better peak separation.
In the microemulsion liquid chromatography, SDS has been a widely used surfactant for the preparation of the mobile phases. However, it was found that this kind of mobile phase, containing only SDS, was not able to separate compounds with more prominent hydrophilic properties and similar chemical structure, 10 which was also noted in our case. The influence of the surfactant nature on the retention times and selectivity in the separation of pramipexole and its impurities was investigated by replacing 3% m/m SDS, which gave satisfactory but not the best results, with the mixtures of SDS and nonionic surfactants (Brij 35 resulted in a slight increase of the retention times of all solutes, which was profitable for the peaks eluting closely to the peak of the mobile phase (impurity 1) or closely to each other (impurities 2 and 3). In the presence of mixtures of SDS and Tween 21, within the investigated concentrations range, the microemulsion was not formed.
Since the investigated analytes were basic substances, pH was adjusted to 7.0 so that the analytes could remain in the molecular shape. Triethylamine (TEA) adsorbs at the solid/liquid interface and forms hydrogen bonds with the isolated silanol groups which suppress the interactions between solutes and silanol groups of the stationary phase. This effect is especially significant for basic substances, so the addition of TEA improved the symmetry of the analyzed peaks, as well as the resolution among them.
Finally, the selected microemulsion constituents (factors) and their levels are shown in Table 2 .
Influence of the mobile phase composition on the partition behavior on C 4 , C 8 
and C 18 columns
After the selection of the microemulsion components was done, a full factorial design 2 4 with four replications in the central point was applied in order to define the degree of influence of the microemulsion components on the separation of pramipexole and its five impurities. A zero level (central point), in which all variables are set at their mid values was included in order to minimize the risk of missing a nonlinear relationship within the intervals. These experiments were not included in the calculation of the coefficients. 18 The mathematical model that describes the full factorial design and the final factorial influences is a polynomial fourth order interaction model of the form: Since the goal of this investigation was to estimate the mutual influence of the column lipophilicity and microemulsion eluent, the same sets of experiments were carried out on all three investigated columns.
As the system output, retention factor k was chosen due to its ability to appropriately describe the component retention on the column, 19 and it is equal to the distance between t 0 and the band center, divided by the distance from injection to t 0 .
The results obtained from the experiments performed on all three columns are shown in Table 3 .
The next step was the calculation of the factors' effects employing Design Expert 7.0 software. The values of the coefficients (equation 1) are shown in Table 4 . In order to simplify the review of the effects, only single factors and two factor interaction terms are presented. Positive values of the coefficients signify that the increase of the observed factor leads to the increase of the response, while negative coefficient means that the response will decrease with the higher factor level.
The significance of factors' effects was estimated according to p-value. For p-values less than 0.05 model terms are significant. Factors with the most prominent influence on the observed responses are given in Table 5 .
Analyzing the given Table 5 , it could be noticed that the most influential factor appears to be factor x 3, the concentration of the co-surfactant (n-butanol); due to its strong ability to change the polarity of the mobile phase and the properties of the droplet/bulk interfacial film, it affects the majority of the responses, i.e., the increase of its concentration has a negative effect on k values which means that all peaks are eluting faster.
The effect of the surfactant (factor x 2 , SDS/Brij ® 35) is evident for the responses k 1 and k 4 . The impurity 1 is the most hydrophilic compound which is eluting first, so the increase of the proportion of nonionic surfactant leads to its later elution. Also, higher concentrations of nonionic surfactant affected distancing between pramipexole and impurity 4. Obviously, the presence of ionic and non-ionic surfactant changed the interfacial properties of microemulsion droplets and caused better separation of this critical pair. Table 3 and equation 1. The significance of TEA (factor x 4 ) is reflected by its impact on the responses with the close numerical values: k 2 , k 3 and k P . Since these substances possess a basic nature, as always in such case, TEA enabled a fine tuning in the separation of closely eluting peaks. The peak shapes were improved with the slight but sufficient change of bands elution. However, factor x 4 had the most pronounced effect on the response k 5 , because the impurity 5, besides being basic, also represents the most hydrophobic analyte in the mixture and the ability of TEA to block silanol groups in this case is the most favorable.
When analyzing the influence of the hydrophobic organic solvent representing the internal organic phase such as butyl acetate (factor x 1 ), one must consider the fact that, in some part, it may be distributed to the hydrophobic stationary phase on the surface of the column packing material resulting in an increase in the amount of stationary phase.
1 This is the most evident when the results from C 8 column are observed. On the other hand, the internal oil phase does not affect the responses obtained from the experiments performed on C 4 column which could be explained with the lowest hydrophobicity of this column and consequently, with the lack of interactions among microemulsion oil droplets and column surface. However, retention factors of the analyzed substances when resolved on C 18 column are not affected by the internal phase in the same extent like on C 8 column, probably due to long carbon tails of C 18 alkyl chain and subsequent steric hindrance caused by their size.
From this part of the investigation it could be concluded that different factors affect different responses when the results obtained from one column are observed. Moreover, different mobile phase factors affect the responses of the one same substance when it is resolved on three columns due to different interactions between the mobile phases and columns of different lipophilicity. The chromatographic behavior of the impurity 1 could be easily explained as it is the most hydrophilic compound which is always eluting first. Stationary phase lipophilicity does not affect this compound at all, and in this case, the only partition system that exists is within the mobile phase: microemulsion droplets/bulk of the eluent. The only factor with a substantial impact on its retention is the content of non-ionic surfactant, and evidently, its partition is governed by the change of droplet surface nature. However, the chromatographic behavior of the impurity 5 proved to be the most complex due to its susceptibility to the influences of both mobile and stationary phase. In order to evaluate and interpret its partition behavior properly, the impact of the stationary phase must be further analyzed to make the final conclusion. In addition, the influence of the column lipophilicity on the separation of critical pair pramipexole/ impurity 4 should also be taken into account.
Stationary phase influence on the partition behavior of the impurity 5 and selected critical pair Data used for these reviews were obtained from the central point experiments, i.e., four replications with the same mobile phase composition performed on all three columns. The appropriate chromatograms are presented in Figure 2 .
The relationships between the chromatographic parameters that describe the partition behavior of the impurity 5 and critical pair pramipexole/impurity 4 on different stationary phases are presented in Table 6 . Values shown in the Table represent the average values from four  experiments. When observing the impurity 5, as expected, the retention factor k 5 is increasing with the increase of the column lipophilicity, due to affinity of the hydrophobic compound to bind stronger to the columns modified with the longer alkyl chain. Considering the number of theoretical plates N as a useful measure of column efficiency, the same set of experiments was conducted on three columns with the same properties in terms of their length, diameter and particle size, shape and porosity, but with silica modifiers of different lipophilicity. Since it is supposed that the quantity N remains approximately constant for different bands in a chromatogram, for a given set of operating conditions (a particular column and mobile phase, with mobile-phase velocity and temperature fixed), 19 equations N = 16 (t R / W) 2 and N = 5.54 (t R / w h ) 2 , (W -peak width at the chromatogram base line, w h -width of the band at half-height) predict that band width, i.e., band width at half-height will increase proportionately with the retention time. In this case, the increase of peak width (or w h ) is not proportional with the increase of retention time, which affects the number of theoretical plates of the analyzed columns. As expected, the value N C4 (the number of theoretical plates obtained from C 4 column) is the lowest because both t R and w h possess the lowest values when the substance is resolved on this column. The increase in N caused by the increase of the retention time is evident both on C 8 and C 18 columns, but with the increase of column lipophilicity, band widening occurs and the significance of width term exceeds the influence of the retention time. Finally, C 8 column appears to provide the optimal partition behavior of the observed impurity, both in terms of its efficiency and analyte retention time.
The investigation of the critical pair partition behavior demonstrated the obvious influence of column lipophilicity on the resolution between pramipexole and impurity 4. The resolution (R s ) between peaks of two components may be calculated from the expression: 20 
where t R1 and t R2 are the retention times of the critical pair of substances and w h1 and w h2 widths of the band at halfheight. In order to establish the relation between retention factors and resolution, if t R = t 0 (k + 1) (from equation 2), the resolution expression can be transformed as follows:
Even though the retention factors of both substances are increasing with the increase of column lipophilicity, the product of their subtraction is decreasing, and thus, the resolution values ( Table 6 ). As it could be noted, the retention factor of pramipexole is varying in a wider range, because the pramipexole is more sensitive to the decrease of column lipophilicity which leads to its earlier elution. The change of the column also affects the retention of impurity 4, but in a smaller extent. The relation of the retention change of both compounds with their resolution is presented in Figure 3 .
The impact of the column efficiency on the resolution expressed as N, indicated an improved peak separation with the decrease of column lipophilicity (Figure 4) . The quantity N for both substances appeared to be stable for the separations carried out on C 4 and C 8 columns, while a sudden drop in value of N C18 , especially for the impurity 4, reflects less ability of C 18 column to resolve these adjacent peaks.
Finally, in MELC systems, it could be noted that the chromatographic behavior of the most lipophilic compound in the mixture (impurity 5) is the most complex to explain, i.e., both mobile phase composition and stationary phase nature affect its retention. In that context, it is not possible to generally conclude which of the three potential partition systems will be the most influential since it depends on many factors. In this particular case, the system microemulsion droplets/stationary phase was probably the most dominant. However, almost equal effect of the microemulsion droplets/stationary phase partition system and bulk of the eluent/stationary phase partition system was noticed when the separation of the critical pair was considered. Namely, the change of column lipophilicity significantly affected pramipexole's behavior; furthermore, the separation of the critical pair was influenced by the presence of TEA in the eluent bulk and its interaction with the stationary phase, and eventually, the change of droplet nature caused by the presence of non-ionic surfactant imposed a better separation of pramipexole and impurity 4.
Conclusions
In microemulsion liquid chromatography analytes retentions are affected by many factors due to the presence of three simultaneous partition systems: first system comprises microemulsion droplets/bulk of the eluent; second, microemulsion droplets/stationary phase and third, bulk of the eluent/stationary phase. This study was devoted to the systematical investigation of the influence of mobile phase composition and stationary phase lipophilicity on the partition behavior of the pharmaceutically active substance pramipexole and its five impurities in order to explain the factors that govern this process. It could be seen that the stationary phase lipophilicity does not affect the impurity 1 at all, while the only partition system that impacts its chromatography was microemulsion droplets/bulk of the eluent. The retention of the impurity 5 was influenced both by the mobile phase composition and stationary phase nature, so in this case the system microemulsion droplets/ stationary phase proved to be the most significant. For the separation of the critical pair, almost equal effect of the microemulsion droplets/stationary phase partition system and bulk of the eluent/stationary phase partition system was noted. Finally, the comprehension of these processes offers an understanding of advantages that MELC brings. Being a powerful tool for solving different separation challenges and easy to carry out, this method offers a number of possibilities for the application in pharmaceutical industry and routine quality control analysis.
